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1. INTRODUCTION 

Nowadays, the permanent magnet synchronous motor (PMSM) transmission system is mainly used 
in electric vehicle transmission [1], [2]. This drive system requires an electric motor with a lightweight, 
compact size, large power density, and comprehensive speed control range [3]-[5]. Moreover, the generated 
torque must be significant if the electric car starts and runs at a low speed. Meanwhile, if the vehicle runs at 
high speed, it only needs a small torque and can work in the area of flux weakening [6], [7]. In particular, 
the interior permanent magnet motor (IPM) is most suitable for an electric vehicle transmission. This IPM 
motor typically has a magnet mounted on the rotor surface which already has excellent control properties. 
Furthermore, this motor has an interest embedded inside the rotor. Thus, it has a difference between axial 
inductance and transverse inductance, thereby making it possible to generate reluctance and torque inherent 
to the magnet [8]. This feature makes this motor capable of generating very high torque, especially suitable 
for electric vehicles [9]. On the other hand, the IPM motor has a strong armature response, leading to a 
substantial flux reduction, allowing the speed control area to be raised above the rated speed [10]-[12]. 
Electric drive systems are implemented with control structures such as scalar control (u/f), direct torque 
control (DTC), and rotor flux-like (FOC) [13]. In addition, this electric drive structure combines linear, and 
intelligent control methods for torque control, speed, and position to ensure and improve the quality of 
electric transmission in terms of speed, precisely as required [14]-[16]. Over more, these electrical drive 
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systems combined multi-level inverters to improve efficiency and reduce the influence on the mains voltage. 
Based on the research of [17]-[19], multi-level inverters such as neutral point clamped (NPC), cascaded 
H-bridge (CHB), and T-type have been used for traction drives. These multi-level inverters have many 
advantages over 2-level inverters for reduced power loss, switching frequency, and sine-like voltage and 
current shape. Other hand the study, the T-type multi-level inverter has the characteristics of improving 
voltage quality, torque response, and low total harmonic distortion total harmonic distortion (THD) with low 
cost. Thus, it is suitable for electric vehicle drive systems [20]-[23]. In this paper, the control system a PMSM 
motor fed by a 5-level T-type inverter using an linear quadratic regulator (LQR) state feedback control for 
electric car applications. The LQR algorithm is an automated method of selecting a suitable state-feedback 
controller. By using this approach, the control systems design to optimize the controller is reduced. In addition, 
the LQR controller must calculator the cost function parameters following requirements [24]-[26]. 

The paper is divided into six main parts. Part 1 presents a general overview of the PMSM drive system 
for electrical vehicle applications. Therefore, the aim study is presented. Next, part 2 shows a mathematical 
model of a PMSM motor and electric cars to design a speed and torque controller for this system. Then, based 
on the math model for the drive system design, the article states feedback control for the speed controller. 
The space vector modulation (SVM) structure for the 5-level T-type inverter to improve the control quality of 
the PMSM drive system is presented in section 4. Finally, Simulink results from evaluations with different 
speed ranges and the same load with the same torque to prove the LQR controller’s advantages. 


2. MATHEMATICAL MODEL OF A PMSM MOTOR AND ELECTRIC CAR 
2.1. Mathematical model of the PMSM motor 

The PMSM motor is controlled by the oriented control (FOC). This FOC method has the advantage 
of cascade control, and the PMSM motor is handled like a direct current (DC) motor. Thus, the mathematical 
model of the PMSM motor at the dq coordinate is expressed as (1). 


_ disa . : 

Usa = Lsa dt + Rsisa a wLsqisq (1) 
= disq $ . 

Usq = Lsq E + Rsisq +wLaisa + OY 


Where: isa»isq are dq components of the stator current; Usg, Usq are dq components of the stator voltage; 
Lsa, Lsq are dq components of stator inductance, w is mechanical speed; wp is rotor flux; P, is number of poles. 
The following equation can be used to determine a permanently excited synchronous motor’s torque: 


3 . 7 
My = zE [vp lsq + isa lsq (Lsa aa Lsq)] (2) 


Because when building a rotor flux-like control system, we will have to control the current vector i,, so that 
the vertical current vector is perpendicular to the polar flux and thus there is no flux-generating component 
but only a torque-generating component. So i,g = 0, from which the moment equation is obtained: 


3 z 
Mum = zFcWp lsq (3) 


2.2. Mathematical model of electric car 

The modeling task is to determine the relationship between the input and output of the electric 
vehicle powertrain. First is the motor torque relationship between torque acting on the wheel. The wheel has 
an interactive relationship with the motor angular speed. The mathematical model of electric cars is shown: 


{ T. Kgear = Twn (4) 
Wwh = WmK gear 

In there: T is the motor torque; Ty, torque acting on the wheel; kgear: gear ratio; Wyn, Wm are wheel, 
and motor angular speed. T; = Twp is the load torque; J is the moment of inertia of the motor, we have the 


equation of newton’s second law in the rotation of the motor: 


dwm 


T — Twn =] -i (5) 
Drive wheel model: 


{ Vwn = OwnRwn (6) 
Twn = Ti = FeRwn 


Where Rwn is wheel radius; F, is drag force. 
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3. LINEAR QUADRATIC REGULATOR CONTROL DESIGN FOR PMSM MOTOR 

Based on equations of the PMSM motor and the motor’s rotational torque as (7). The mathematical 
model of the PMSM motor will transit through the state space model to design LQR control for the speed 
controller. 


disd 


Usa = Lsa P Rsisa = WLsqisq 3 
te l l and my = 5 PePpisg (7) 
Usq = Lsq aE + Rsisq + WLsaisa + WW 
Transitioning through the state space with: 
x = Ax + Bu (8) 
Where: 
x = [İsa isq O],u=[Usa usq] (9) 
And 
Bs 0 i 
Lsa tea 
Rs Wp E 1 0 0 
AS 0 SS. ES 1|,C= 1 
AR o pesk i o (10) 
o e o 0 0 
2J 


Design the optimal LQR controller [10] according to the objective function: 

J= fy xT Qx + ul Ru) dt (11) 
Where Q, and R are two symmetric matrices, Q is positively definite and R is positive: 

Q=Q';R=R™ (12) 
Where K = [kų kz k3] is the optimal state feedback controller, then K is calculated by: 

K =R1B"P (13) 
Where P is the solution of the Riccati equation: 

ATP + PA— PBR1B'P+Q=0 (14) 
Then the control signal is calculated by: 

u = —Kx (15) 
Choose the value of the matrix R and Q [11]. 

1=1;Q=C'xC (16) 
Calculate instead: 
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0 0 
0 38 ol ap 


K=| 


3.1. T-type inverter structure 

The traditional 3-phase 2-level voltage source inverter structure is the foundation for the T-type 5-level 
inverter construction. Six typical semiconductor valves of the same type and six parallel valves producing 
three T-branches make up the structure (Figure 1). The converter works based on two DC capacitors that 
divide the input voltage into two components, Vdc/2. This T-type convert establishes a virtual neutral point. 
As a result, the output voltage level will be presented as five levels such as 1/2 Vdc, —Vdc, 0, +1/2 Vc, and 
+Vdc, with reasonable adjustment of the transistor valves. 
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Figure 1. 5-level T-type inverter structure 


Let fy be the switching function: 
f,E{0 1}%ie{A B Chie {1,2,3,4} (18) 


Set E = Vy,/2: 

— Vio =2E if Si is open and {Siz Siz,4} is closed 
— Vio =E if Siz is open and {Si1 Siz,4} is closed 
— if Sj, is opViọ =0 en and {S;, S;2} is closed 


Vio = 2E 
There will be f; = 0 if T}; fy = 1 if Tj is open: | Vio = E 
Vio = 0 


From that, the output phase voltage matrix is built: 


Vao fa fass fa2|[2E 
Vgo| = | fa feas fez|| E (19) 
%o fa fess fe2|b 0 
=0 
Where f443 = 0 when: 7 =0 
A3 F 
The result is obtained by simple calculations: 
VaB far— fei faas—feas far — fez2| [2E 
Vec| = fea 7 fer fas a feaz fez = fez E (20) 
Vca foi — fai feaz — faas fez— faz | 4 0 


4. SIMULATION RESULTS 

This section expressed MATLAB simulation structure and results evaluation. The control structure 
of the electric car PMSM drive system fed by a T-type inverter is shown in Figure 2. The speed controller 
used the LQR method, while the current controller by proportional integral (PI) control. 


4.1. 3-phase 5-level T-type inverter results 

Results of 3-phase 5-level T-type inverter is shown at Figure 3 and Figure 4. Meanwhile, Figure 3 
depicts the inverter output voltage response. Figure 4 depicts the current harmonic distortion. 

It is discovered by simulation results of Figure 3 and Figure 4 that. The inverter output voltage has 
the form of 5 levels, with an amplitude of 750 V. Sine wave output current with low harmonic distortion 
THD = 2.73%. DC voltage on two unbalanced capacitors, with maximum difference up to AVima, = 15 V 
(4.5%). 


4.2. Simulation results of LQR control system for PMSM motor drive 
The MATLAB Simulink results follow PMSM parameters, as shown in Table 1. In this study, the PMSM 
motor has four pole pairs, with a max speed is 3000 rpm. The load with inertia moment is 0.00324 kg. m?. 
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Figure 2. The LQR control structure 
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Figure 3. The inverter output voltage response Figure 4. The current harmonic distortion 


Table 1. Engine parameter table 


Engine parameters Value 
Rated power P =2.2 KW 
Rated speed Ny = 1500 rpm 
Max speed Nmax = 3000 rpm 
Electric quota Iy =4.7A 
Moment of inertia J = 0.00324 kg.m? 
Armature inductance Lsa ~ Lsq = 2.2 mH 
Armature resistance R,=0.5 Q 
Number of pole pairs P.=4 


Simulink results are performed with different speed ranges and the same load with the same torque. 
First, the PMSM motor operates at a very low-speed range at 0 rpm. In addition, this motor operates at a rated 
speed range at 1500 rpm. Lastly, the PMSM motor reverses repeats at 1500 rpm. These results will focus on 
evaluating quality when the PMSM drive operates at all speeds. 
a) Case 1: a very low-speed range at 0 rpm 

In this case, a PMSM can develop torque at zero speed. The PMSM drive was assessed by running 
the PMSM motor at 0 rpm with a switching torque load and a short duration repeated 1.5 s. Speed responses, 
motor torque responses, and stator current responses of a PMSM motor are shown in Figure 5 to Figure 8. 
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Figure 5 shows that speed responses can be seen in the overshoot at 250 rpm with a setting time of 
0.05 s. In addition, Figure 6 shows that motor torque output has an overshoot when the motor switches to a 
working state with an overshoots torque of 40%. Meanwhile, Figure 7 and Figure 8 are expressed with a load 
with variable torque repeatedly equal to the motor’s rated torque. The motor’s speed response at 0 rpm is fast. 
The motor has kept the shaft stationary after 0.05 s. 
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Figure 5. The speed response at 0 rpm with a state 
feedback controller 
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Figure 6. The motor torque output response at 0 rpm 
with a state feedback controller 
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Figure 8. Motor stator current responses at speed 
O rpm with a status feedback controller 


Figure 7. isq and isq current responses at 0 rpm with a 
state feedback controller 


b) Case 2: a rated speed range at 1500 rpm 

In this case, the PMSM operates at the rated speed by running the motor at 1500 rpm. In addition, 
the PMSM drive will work the transmission system by continuously changing load mode within a short time 
of 1.5 s. As a result, the load moment is constant (15 Nm, and 0 Nm). 

Figure 9 is the speed response of the motor. From the picture, it can be seen that the overshoot at 250 rpm 
and the setting time at 0.05 s. Figure 10 is the motor torque, Figure 11 is isq and i,, voltage, and Figure 12 is the 
stator current of the motor. With a variable torque load repeatedly equal to the rated torque of the motor, the speed 
response at 1500 rpm of the motor is fast, after 0.05 s, the motor has reached the set speed. 

c) Case 3: reversing a repeat at rated speed of 1500 rpm 

In this case, the motor accelerates and decelerates rapidly in 1.5 s, and reverses the motor with a 
constant load equal to the rated torque. Figure 13 shows the speed response of the motor. From the picture, 
it can be seen that the overshoot and the setting time are slight. Figure 14 is the motor torque, and Figure 15 
is i,q and i,, voltage, and Figure 16 is the stator current of the motor. 

Based on the response results, when the PMSM motor is completely working at the range at a fast 
reversing, increasing, and decreasing speed. This speed LQR controller can work with short-term loads, and 
continuous changing is excellent. The rate responds with a slight overshoot and a fast-setting time. The stator 
currents have a sine wave. 
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Figure 9. The speed response at 1500 rpm of state 
feedback controller 
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Figure 11. i,q and isq current responses at 1500 rpm with 
a state feedback controller 
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Figure 13. Speed response when reversing motor at 
1500 rpm of state feedback controller 
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Figure 10. The motor torque output response at 
1500 rpm with a state feedback controller 
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Figure 12. The motor stator current response at 
1500 rpm with a status feedback controller 
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Figure 14. Motor torque output responses when 
reversing motor at 1500 rpm with a state 
feedback controller 
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5. CONCLUSION 

This paper presents the LQR control is designed to speed control a PMSM motor fed by a 5-level T-type 
inverter with fast speed response and lower over-throttling. Therefore, the quality of the PMSM electric drive will 
be improved. However, to enhance the quality of PMSM electric drive so that the speed adjustment is faster and 
more accurate by using linear, predictive, and intelligent cost control methods. Also, extend the operating speed 
range of a PMSM in the flux attenuation region using the maximum torque per ampere (MTPA) method. 
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